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Abstract
An enhanced plasma diffusion is observed during the interaction of
an electron beam of 0.1-1 amp. current with a weakly ionized Ne-afterglow plasma.
The parameter dependence of this effect is investigated in the electron density 
10 13 3region 10 -10 /cm and the pressure range 0.01-0.1 Torr. Evidence is presented
that this diffusion is due to heating of the plasma electrons partly by collisional
i
damping of unstable plasma waves and partly by thermalization of secondary 
electrons emitted in ionizing collisions between beam electrons and neutral Neon
a toms.
2I„ Introduction
In the course of experimental investigations of the interaction of 
moderately strong electron beams with a Neon afterglow plasma in the absence 
of external magnetic fields an enhanced diffusion was found which has its origin 
in a heating of the plasma electrons. The unusual pressure dependence of this 
effect motivated a detailed investigation in order to clarify the mechanism.
It will be shown that the thermalization of unstable plasma waves is not suffi­
cient to explain in the observed phenomena and that an additional mechanism 
must be operative. We propose that such a mechanism can be the heating of the 
plasma by secondary electrons from ionizing collisions of beam electrons with 
neutral Neon atoms and show that this leads to a consistent interpretation of 
the observed effects.
II. Experimental Technique
The enhanced diffusion was observed in the course of a study of beam-
plasma interactions in a decaying plasma. The experimental apparatus has been
described previously^. A pulsed electron beam of 0.1-1 amp. current at 16 kV,
1 - 1 0  (isec. long, is injected into the afterglow of a pulsed discharge in Neon
-2  -1in the pressure range 10 -10 Torr. The pyrex discharge tube is 40 cm long
and 4 cm in diameter. The plasma density with which the beam interacts can be 
10 13 3varied between 10 and 10 /cm by choosing the appropriate time in the after­
glow. The plasma density is measured with a microwave interferometer operating 
at 38 GHz, moveable along the plasma column. Microwave lenses are provided to 
allow good spatial resolution. Microwave receivers in the X, P, and K-band 
monitor the radiation from the unstable waves. A photomultiplier, coupled to
3the discharge tube via a light pipe, allows the observation of excitation and 
recombination light from the discharge» An electrostatic deflection type energy 
analyzer of »3% resolution allows to measure the distribution function of the 
beam electrons after they leave the plasma.
The enhanced diffusion shows up very clearly in the microwave' inter­
ferometer measurements of the plasma density. Figure la shows a typical inter­
ference pattern of the decaying plasma. When the beam is injected, a drastic 
change in the slope occurs as shown in Fig, lb, indicating an increased rate of 
change of the plasma density.
The ratio of the slopes of the detector voltage (dV/dt)^ / (dV/dt)^ 
at the point of discontinuity is equal to the ratio (dn/dt)^ / (dn/dt)^, and 
since the density itself has no discontinuity we also have
(1) ,dV , ,dV=. _,d_ . . , ,d_ . , _ hd^t^  1 / dt^  2 dt 'in nh  dt 'etl "^ 2 D.
where we have used Jin n = const, - Dt, with D the ambipolar diffusion coefficient, 
A measurement of the slope ratio in the interference pattern therefore 
immediately gives the ratio of the enhanced diffusion coefficient to the normal 
diffusion coefficient. Under the conditions of the experiment, the decay of the 
plasma is determined by the ambipolar diffusion coefficient
T
( 2) D = D, ( 1 + ”  a l v T. 'l
kT „
where D. = p,. ~ u ,  is the mobility of Neon ions in neon, T and T. are the l i e  J e l
electron and ion temperature respectively. In the pressure range of interest, 
the dominant ion is Ne+ ; the corresponding mobility for 0°C and 760 Torr pressure
- 4 -
/ / 2. N(2)1S ^io ~ ^ 'cm • Measurements of the electron density decay in the
absence of the electron beam gave values of D that agreed to within 20% witha
the accepted theoretical value, assuming equal electron and ion temperature.
The enhancement of the diffusion coefficient, defined as D /D asa
measured from the slope ratio is typically in the range 1 - 10, depending on 
the beam current, the plasma density and the gas pressure.
This enhancement factor can be measured by another independent method, 
namely, by time resolving the spectrum of the unstable plasma waves. This 
method is more tedious, but it allows to follow the time dependence of the 
enhanced diffusion coefficient during the instability. The most unstable fre­
quency U0Opt is very close to the plasma frequency cu in the center of the dis­
charge tube. If the electron density decreases during the instability, the 
frequency at which the oscillation spectrum has its maximum will also decrease.
A measurement of a) as a function of time therefore immediately gives the opt J °
variation of ng with time. For long beam pulses one has to take into 'account 
the slow decrease of ng due to the ambipolar diffusion. This is accomplished 
by gating the microwave receiver at a fixed time in the afterglow and advancing 
the beam pulse with respect to the gate pulse by a time At. (Fig. 2)
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5The change in frequency of the unstable wave is then entirely due to the enhanced 
diffusion. Figure 3 shows an example of such a measurement together with the 
enhanced diffusion coefficient deduced from the frequency shift. At the density
g  (JU -j^ q
where a comparison between the two methods could be made, (8.2 X 10 < < 1.2 X 10 )¿'Tf
they agreed to within 10%.
III. Diffusion at Low Pressure
In the present experiment no external magnetic field is applied. An 
anomalous turbulent diffusion due to the presence of plasma waves as observed
/ O _ £ \
for example, in Q-machines and stelleratorsv can therefore be ruled out;
the enhanced diffusion must be entirely due to an increase in the electron tem­
perature of the plasma.
This is clearly demonstrated in Fig. 4, which shows an oscilloscope 
trace of the recombination light of the decaying plasma. When the beam is 
injected, the recombination light suddenly decreases, indicating a reduced re­
combination coefficient and hence an increased temperature.
An effective source for this heating is the collisional damping of 
the unstable plasma waves excited by the beam plasma instability. The rate of 
energy deposition per cm due to collisional damping the unstable waves is given 
by
(3 )
dW
dt
l c p 2
4tt A B
where £ is the longitudinal high frequency electric field in the plasma and
is the effective collision frequency for momentum transfer, and A is the
D
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effective cross section over which the unstable waves extend. Since the electric
field falls off rapidly outside the beam, is essentially the beam cross sect
tion„ v is cpmposed of two parts, the coulomb collision frequency u. and the c i
electron-neutra1 collision frequency • Using experimental values^^ we can 
express v as
(4) v c ui +
8.6 jnA n + 3.15 X 10 ^  n T ! e oT >
where n is the electron density, n the neutral density and T the electron tem- e o
12 3perature. For n = 1 0  /cm at which most of the measurements were performed, e
the coulomb logarithm has the value of 4.6 for a temperature of 300°K. Allowance
has been made in the coulomb collision frequency for the effect of electron-
electron collisions. Neutral collisions are almost always negligible compared
to the coulomb collisions; even for the highest pressure considered, which was
.1 Torr, a temperature increase by a factor of 10 over room temperature and an
12 3electron density of 10 /cm , neutral collisions contribute only 3% to the total 
collision frequency.
The energy lost by the waves is shared by all plasma electrons per 
unit length of the discharge tube. For a diffusion controlled density profile 
the total number of electrons per cm is given by
(5) N = n 2rr rR J f) rdr = 5.4 nx ' e eo o-J o ]o R eo
where n is the peak electron density, eo
Retaining only coulomb collisions we obtain for the temperature in­
crease in time
7( 6 )
Introducing 0 = T/Tq 
with T = 300°K
-t dT 8o6 HnA 
Ne H d t =  4 n T 3/2
and expressing the
n e2 A e B
electric field in Volt/cm we have
(7)
d0
dt
4 £‘= 3 X 10 A.
e3/2 B
Integration immediately gives
(8) 0 = (1 + 7.5 X 104 £2 A t)2/5B
*
The ratio D /D is related to 0 bycl
(9) F  = 2 (1 + e>a
•kAt low pressures and small beam currents the measured time variation of D
agrees indeed well with the predicted dependence as shown in Fig. 5 where the
*experimental values of D /D for two different beam currents are plotted
cL
together with the theoretical curves. A beam diameter of \  inch was assumed
and the electric field was deduced from a best fit.
2Also the dependence on £• can reasonably well be accounted for as 
shown in Fig. 6. Here the E-field was varied by measuring the diffusion co­
efficient along the discharge tube and monitoring the radiation at X-band 
frequencies.
This simple behavior of the enhanced diffusion or heating breaks 
down, however, when the neutral gas pressure is increased above, say, .04 Torr. 
The diffusion coefficient then shows a strong dependence on gas pressure which 
can not be accounted for by including neutral collisions in the collision
-  8 -
frequency, because as mentioned above, Coulomb collisions are still by far the 
dominant contribution,
IV. Diffusion at Higher Pressures
A clue as to the nature of this pressure dependent heating is provided 
by the correlation between the enhanced diffusion and the excitation light 
emitted by the plasma during the time the beam is present. Fig. 4 shows an 
oscilloscope trace of the recombination light with the superimposed excitation 
light. In Fig. 7 the intensity of this excitation light and the enhanced diffusion 
coefficient are plotted as a function of pressure. The strong correlation between 
the two quantities is obvious. Direct excitation of atomic levels of Neon by 
either plasma oscillations or by the tail of the plasma electron distribution 
function at the increased temperature is too small by many orders of magnitude.
The excitation must therefore be entirely due to collisions of the fast beam 
electrons with neutral atoms.
Although collisions of the second kind of electrons with metastable 
states excited in this fashion can contribute to the heating, the effect is 
probably too small to make a significant contribution. A more direct source 
for fast electrons that can share their energy with the cold plasma electrons 
exists in the secondary electrons from ionizing collisions. Since the excita­
tion and ionization cross sections have a similar energy dependence, a correla­
tion of the enhanced diffusion with the excitation light also implies a correla­
tion with ionizing collisions. Although the additional ionization may be very 
small compared to the plasma density already present, the fast secondary
9electrons, however, can be quite effective in heating the plasma. We shall 
show that electrons of about 4 eV can be stopped by the plasma; if the plasma 
is at room temperature, the electron density increase due to ionization needs 
only be 1% to increase the plasma temperature by a factor of 2.
We now proceed to estimate the effect of these secondary electrons.
A monoenergetic beam of electrons passing through a partially 
ionized plasma produces secondary electrons from ionizing collisions at a 
rate
( 10)
dN I s B
“77 = —  a -n dt e l o
per cm path length. I is the beam current and cr. the ionization cross section
1 -18 2(8)for neon. For 16 Kv electrons c is approximately 2.6 X 10 cm . The
secondary electrons are ejected predominately at right angles to the incident 
(9)beam . Upon traversing the discharge tube in .the radial direction the 
secondaries can further ionize, giving rise to tertiary electrons at a rate
dN dN °°
(11) = n L ' T^- f £ (E) a. (E) dEdt o dt ^ s 1Ej ,1
where f (E) is the energy distribution function of the secondary electrons.
the is the ionization energy for Ne and L the effective path length that 
will be discussed below.
The total energy deposited in the plasma by the secondary and tertiary 
electrons per cm along the beam is then
X 00
f  ^  (a A Es • a. • no + g A ET n/ La. J* f,<E) a. <E) dE)
E.1
( 12 )
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where oi and (3 are the fractions of secondaries and tertiaties that are stopped
by the plasma and AE and AE the respective energies. We can estimate AEs T s
and AE^ as follows:
The mean free path for a particle of velocity v in a plasma of electron density
n is e
(13) l  =
2 4m v
4
16tt n e InA e
for v »  v^, the thermal velocity of the plasma electrons. From the requirement 
that the mean free path must not exceed the radius of the discharge tube, one 
would conclude that only electrons with an energy < 2eV will be effectively 
stopped by the plasma» However, at higher pressures, elastic scattering from 
neutral Ne-atoms can contribute substantially to randomization in direction and 
thus increase the mean free path for energy loss to the electron gas. The 
elastic scattering cross section in the energy range 2 - 50 eV varies from
~16 2 “16 2 ^2 X 10 cm to 2»8 X 10 cm . At 0.1 Torr this corresponds to a mean
free path of ~  1 cm, The angular distribution of the scattered electrons is 
such, that there is an appreciable scattering by large angles in this energy
I
range so that randomization in direction should be quite ef f e c t i v e , thereby 
increasing the actual path length in the plasma. If we estimate that the 
effective path length for electrons is ~  10 cm it follows, that electrons with 
energies < 4 eV can still be thermalized effectively. This elastic scattering 
also determines the effective path length L in eq. (11) and (12).
In order to estimate Oi and 3 it is necessary to know the energy dis­
tribution of the secondary and tertiary electrons. Calculations of the spectrum
11
( 12)of the secondary electrons have been carried out for Ne by Bates et. al 
For 16keV primary electrons the secondary electrons are distributed as shown 
in Table 1.
Energy (eV) , Fraction
0 - 13 o 6 
13.6 - 27.2 
27.2 - 54.4 
54.4 - 108.8 
> 108.8
337,
247,
157»
137»
157,
By extrapolating these values to lower energies, we may conclude that 
about 157» of the secondary electrons have energies below 4 eV.
The energy distribution of the tertiary electrons is more difficult 
to assess because the secondaries already have a wide energy spectrum. For an
average energy of 50 eV of the incident electron about 207, tertiaries will fall
00
into the energy region below 4 eV. The integral fg (E) (E) d E can be
-17 2 1evaluated numerically and gives ~  2 X 10 cm .
The secondary electrons that leave the beam radially can have another 
indirect effect on the diffusion. The continuity equation requires, that the 
current of secondaries
dN
I = “ “e s dt
is compensated by an equal plasma current in the opposite direction. Associated 
with this current is an electric field of
I
E = 2rrra
12
where a is the dc conductivity of the plasma
n 2 e e
CT muc
This field has the direction of the ambipolar electric field and could directly 
enhance the diffusion. For an average plasma radius of 1 cm E is approximately 
given by
-14 n(14) E (V/cm) = 4.2 X 10" I (amp)
In the parameter range of interest this is at the most of the order of 10 mV/cm 
and therefore small compared to the thermal field. The ohmic heating by this 
plasma current amounts to :
(15) dWdt
2 2
2 XB (JU1  ln <r
r
where r and r are plasma and beam radius respectively. This effect, however, 
P B
is small for beam currents < 1 amp. and will henceforth be neglected. Retain­
ing only the effect of the secondary and tertiary electrons and keeping in mind
that the energy is distributed among all electrons in the discharge tube, we
Tobtain for the rate of change of the temperature (0 = “ )
o
(16) ~  = 4.7 X 102 —  (0.15 n + 4 X 10"17 n 2)v 7 dt n o oe
For a 2 p,sec beam pulse, a pressure of 0.1 Torr and an electron density of 
12 310 /cm the predicted temperature increase would only amount to 20%, which is 
too small to explain the experimental data. An additional mechanism must 
contribute significantly to the observed heating. Such a mechanism exists in
13
the change of the beam-distribution function by the instability.
The above considerations assumed a "cold" beam of ~16 kV energy. Dur­
ing the instability the beam distribution function starts to "smear out"
appreciably, that is, beam particles diffuse in velocity space towards lower 
(13)energy
Eq. 12 must now be replaced by
(17) ~  ”  (of AEdt e s n° f. fB (E) CTi (E) dE
+ g AE n 2 • L J  dE fB (E) c.(E) $  '> ^ O 5'> dE '
E. 1 E.l l
f (E) is the energy distribution function of the beam particles, f (EjE^ the B s
distribution function of the secondary electrons generated by primary electrons 
of energy E.
The fact that the spread in the beam distribution function indeed in­
creases the ionization rate appreciably can be clearly demonstrated by monitor­
ing the excitation light of the beam. As remarked previously, the ionization 
cross section a and the cross section for the excitation of discrete energy 
levels a have a similar energy dependence, a measurement of the excitation 
light intensity
J « XB %  I fB (E) aex (E) dE
ex
will therefore be a good measure for the relative value of L  n 1 f_ (E) a (E) dE
D O JjE.
The function J dE ' f (E,E7) a (E ' ) is not a strong function of E Land can be
considered constant to a good approximation.
- 14 -
A detailed calculation of the integrals in eq. 17 is not possible be­
cause the beam distribution function changes as the beam traverses the plasma.
The distribution can be measured after the beam leaves the plasma by an electro­
static energy analyzer. These distribution functions, however, can differ con­
siderably from what they are inside the plasma, because low energy electrons, 
that are most effective in producing ionization, are also most easily scattered 
out of the beam.
The strong pressure dependence of the enhanced diffusion, the excita-* 
tion light and the enhanced ionization cannot be explained by the quadratic 
pressure term in Eq. 17 which contributes at most 10%. This behavior can, how­
ever, be understood by observing that the beam distribution itself will depend 
on the actual electron temperature of the plasma.
At an electron density of ~10'^/cm^ and a temperature of 300°K the
(14)instability is collision dominated. The growth rate in this case is given by
(18)
1/3
v = 1.03 v / —  tu ” 'o V v i
where y^ is the collisionless growth rate
? 1/3
(19) yo = 0.69 (u)fi a) )
and a the ratio of beam to plasma density. Since Coulomb collisions are the 
dominant contribution to the collision frequency, vc is strongly temperature 
dependent. As the temperature increases, vc becomes less than y^ and the in­
stability becomes collisionless. The transition from the collision dominated 
case to the collisionless case occurs just in the pressure region when the
15 -
enhanced diffusion and the excitation light show the sudden increase as demon­
strated in Fig„ 8 and 9»
Here we have given two more examples of the pressure dependence of 
the enhanced diffusion and the excitation light» Also plotted is the relative 
electron density increase and the computed linear growth rate. The temperature 
was deduced from the enhanced diffusion coefficient.
Since the smearing out of the distribution function occurs as a con­
sequence of the instability, the velocity spread will be in a direct function 
of the growth rate and therefore of the temperature.
Vc
The decrease of D /D in Fig. 8 and 9 at high pressures is probablya
due to increased loss of beam particles due to gas scattering to which partic- 
larly the low energy beam particles are sensitive.
The close connection between diffusion, excitation light and velocity 
spread of the beam is again demonstrated when the quantities are measured as 
a function of electron density, as shown in Fig. 10. This also shows the 
predicted increase of the diffusion with decreasing electron density. The in­
crease, however, is much smaller than 1/n because the velocity spread and 
therefore the associated ionization enhancement is itself a function of electron 
density.
V. Conclusions
It is shown that several mechanisms can contribute to the enhanced diffu­
sion, that is observed when a moderately strong electron beam passes through a
-2partially ionized plasma. At low pressures < 3 X 10 Torr the data seem to
16
be well explained by the thermalization of unstable plasma waves by coulomb 
collisions. At higher pressures, 0.06 - 0.1 Torr secondary and tertinary 
electrons from ionizing collisions of beam electrons and secondary electrons 
with Ne-atoms deposit their energy into the plasma and heat the electron gas. 
The strong,pressure dependence of the enhanced diffusion seem to rule out a 
substantial contribution from unstable plasma waves. The correlation of the 
diffusion with the instability is of a secondary nature, being primary due to 
a smearing out of the beam velocity distribution which enhances the ioniza­
tion rate.
The magnitude of the enhanced diffusion or the heating is more
difficult to explain. In the limit of a completely smeared out beam under
the conditions of Fig. 8 the effective ionization cross section would increase
by a factor 4.5 with a subsequent increase of D /D to 2.5. The experimental
data on the enhanced light emission and increased ionization, however, indicate
that the increased An is more like a factor of 30 which also would give thee
correct magnitude of the observed heating. The reason for this discrepancy 
is not clear at present. Either more low energy electrons are generated and 
contribute to this ionization or the effective path length L is much larger 
than assummed, e.g., by reflection of the electrons from the wall sheath.
A contribution of secondary and tertiary electrons from ionizing 
collisions to plasma heating and plasma generation may also occur in experi­
ments with beam generated plasmas^15 where a strong pressure dependence of 
the plasma density is usually observed.
17
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Figure 1
Oscilloscope trace of microwave interferometer pattern without beam (a) 
and with beam (b). The time scale is 50 jj,sec/division.
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Figure 3
P R - 588
Frequency shift of unstable waves during the beam pulse and deduced 
ambipolar diffusion coefficient.
20
Time — ► p s - 540
Figure 4
Light emission from the discharge. The time scale is 20 |isec/division. 
The initial strong light emission is from the active discharge during 
breakdown. Superimposed on the recombination light is the excitation 
light from the beam.
21
Figure 5
Time dependence of the diffusion during the instability.
22
Figure 6
Dependence of the enhanced diffusion on the electric field in the 
unstable waves. The absolute scale of the electric field strength 
was adjusted for a best fit.
Figure 7
Correlation between enhanced diffusion and excitation light
- 24 -
Enhanced
computed
diffusion, excitation light, electron density 
linear growth rate as a function of pressure.
increase and
5
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Figure 9
Enhanced diffusion, excitation light and computed linear growth rate as 
a function of pressure.
26
Enhanced diffusion, excitation light, and velocity spread of the beam as 
a function of electron density. Increasing delay time corresponds to de­
creasing electron density. The density at 100 i^sec delay is ~  1013/cm3
10  ^ ’ at 1000 |isec ~  10 / cm .
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